To date, the role of metabotropic glutamate receptor 3 (GRM3) rs274622, rs1468412, rs917071, rs6465084, and rs2299225 polymorphisms in schizophrenia remains controversial. To provide a clearer picture for the effect of the five most studied GRM3 polymorphisms on risk of schizophrenia, this meta-analysis with eligible data from published studies was performed. Relevant case-control studies were retrieved by literature search and selected according to established inclusion criteria. Odds ratios with 95% confidence intervals were used to assess the strength of association. A total of 33 individual studies were identified and included in our meta-analysis: nine for rs1468412, with 5,314 cases and 6,147 controls; six for rs917071, with 2,660 cases and 3,517 controls; seven for rs274622, with 3,820 cases and 4,015 controls; five for rs2299225, with 3,492 cases and 3,735 controls; and six for rs6465084, with 4,960 cases and 5,613 controls. However, no significant association was found between these GRM3 polymorphisms and schizophrenia in the overall population. With respect to rs1468412 polymorphism, a finding of very borderline statistical significance emerged in dominant comparison model for non-Asian populations, calling for large-scale verification to assess the marginally elevated risk of schizophrenia. In conclusion, these GRM3 polymorphisms have limited effect on the risks of schizophrenia. Further large and well-designed studies are needed to confirm this conclusion.
Introduction
Schizophrenia is one of the most detrimental psychiatric disorders, with high heritability 1 and a median incidence of 15.2/100,000 persons worldwide. 2 Plenty of efforts have been made to understand its pathological mechanisms, and now it is suggested that genetic vulnerability with nongenetic factors can act in combination to lead to the development of schizophrenia. 3 In recent years, with increased knowledge of human gene functions and architecture, it has become clear that differences in genetic backgrounds, such as single nucleotide polymorphisms (SNPs), could substantially influence schizophrenia risk. [3] [4] [5] Glutamate has been implicated as the most ubiquitous excitatory neurotransmitter in the central nervous system. The glutamatergic neurotransmission plays important roles in various brain functions, including motor control, learning and memory, cognition, and neural development. 6 Moreover, evidence has indicated that hypofunction of glutamatergic neurotransmission may be important in the etiology and pathophysiology of schizophrenia. [7] [8] [9] As a member of the group II metabotropic glutamate receptors (mGluR), mGluR3 (encoded by the GRM3 gene) functions as the regulator of glutamate neurotransmission and synaptic plasticity. 10, 11 Given the prior evidence, submit your manuscript | www.dovepress.com
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Yang et al GRM3, along with other glutamatergic genes, is a candidate gene for schizophrenia. The human GRM3 gene rs274622, rs917071, rs1468412, rs6465084, and rs2299225 loci are five commonly studied polymorphisms for schizophrenia. The rs274622 locus, along with other polymorphisms, might be useful as a predictor of negative-symptom improvement in persons with schizophrenia treated with olanzapine. 12 In combination with the rs757656 polymorphism, the rs917071 locus has been associated with alcohol dependence, 13 which could have substantial influence on schizophrenic exacerbation. 14 As for the rs1468412 locus, it has been suggested to be associated with worsened cognitive and symptom response to antipsychotic therapy for schizophrenia. 15 For the rs2299225 locus, several genetic epidemiological studies have been performed to assess its association with schizophrenia risk. [16] [17] [18] rs6465084 has been described as a functional polymorphism that may influence glutamate concentrations, and the minor allele of this SNP was associated with poor performance on several cognitive test. 19, 20 As well as helping verify whether these SNPs might contribute etiologically to the schizophrenia, rather than just pathophysiologically or therapeutically, several genetic association studies have been performed to identify common risk variants at the GRM3 gene locus. However, the evidence for the association between GRM3 polymorphisms and schizophrenia risk is still controversial. The most likely reasons for the inconsistencies among these studies could be tremendous differences in sample size, diverse ethnic background, incompatible statistical methods, and possible sampling bias. To provide a clearer picture for the effect of these five GRM3 polymorphisms on the risk of schizophrenia, we conducted this meta-analysis with eligible data from published studies.
Materials and methods search strategy
Systematic searches of the PubMed database (to November 2, 2014) were performed using the search terms: "GRM3", "metabotropic glutamate receptor 3", "polymorphism", "SNP", "variant", and "schizophrenia". The search was limited to human studies. All eligible studies were retrieved, and their bibliographies were checked for other relevant research. When the data set for the same patient population was used in several publications, only the most recent or complete study was included for further analysis. An additional manual search was also conducted to add any recently published studies.
inclusion criteria
The following criteria were used for the study selection: 1) evaluate the association between five GRM3 polymorphisms (rs1468412, rs274622, rs917071, rs2299225, and rs6465084) and schizophrenia; 2) case-control studies; 3) sufficient data for estimating an odds ratio (OR) with 95% confidence interval (CI); and 4) studies with full-text articles in English.
Data extraction
Data were carefully evaluated and extracted from all eligible studies by two investigators independently according to the inclusion criteria listed above. When disagreement occurred, the third investigator was invited to discuss and check the data until a consensus was reached. The following elements were collected from eligible studies: first author's name, year of publication, country, ethnicity, diagnostic criteria of schizophrenia cases, genotype frequency of cases and controls, and the results of Hardy-Weinberg equilibrium (HWE) test.
statistical analysis
Departure from the HWE for the control group in each study was assessed with Pearson's goodness-of-fit χ 2 test with 1 df by an online program (http://ihg.gsf.de/cgi-bin/hw/ hwa1.pl), and violation of the HWE was determined using a threshold of P0.05. The strength of association between GRM3 polymorphisms and schizophrenia risk was measured by ORs with 95% CIs. Pooled ORs were calculated for homozygote comparison (aa versus AA, a being the minor allele and A the major allele), heterozygote comparison (Aa versus AA), dominant model (aa+Aa versus AA), and recessive model (aa versus Aa+AA), respectively. Studies that have no events in either arms (schizophrenia and control groups) were excluded from the corresponding comparison model. Heterogeneity among pooled studies was investigated by the χ 2 -based Cochran's Q test 21 and I 2 statistics. 22 To be more conservative, heterogeneity was considered to be present when the Cochran Q test P-value was less than 0.1, then a random-effect model (DerSimonian-Laird method) 23 was utilized; otherwise, a fixed-effect model (Mantel-Haenszel method) 24 was utilized. Inconsistency across studies was accessed by the I 2 statistic, and I 2 25%, 25%-75%, and 75% were considered to represent low, moderate, and high degree of heterogeneity, respectively. 22 To explore the source of heterogeneity among the studies of this meta-analysis, a Galbraith plot was generated to detect the potential outliers, which could largely contribute to the heterogeneity. 
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Metabotropic glutamate receptor-3 polymorphisms and schizophrenia different effects of ethnicity. Sensitivity analysis was carried out through omitting individual study in turn to check the consistency of the results. Publication bias was evaluated by visual inspection of funnel plots and Egger's test (P0.05 was considered a significant publication bias). 26 All statistical tests were performed with metafor (version: 1.9-4) 27 and meta (version: 3.8-0; http://cran.r-project.org/ web/packages/meta/) packages of R (version 3.1.1).
Results
study characteristics
The initial literature search through the PubMed database yielded 42 published articles. When reviewed in full-text, eight had no usable reported data, two was not case-control studies, 12 were not concerned with schizophrenia risk, three were reviews, two were not GRM3 research, two were not concerned with these five GRM3 polymorphisms, and two were not in English. All these articles were excluded. Among the remaining eleven articles, studies presented separate ORs by different polymorphisms, ethnicity, or cohort, and each of them was considered separately for pooling analysis. Therefore, nine studies for rs1468412 polymorphism (5,314 cases and 6,147 controls), [16] [17] [18] [28] [29] [30] [31] [32] seven studies for rs274622 (3,820 cases and 4,015 controls), [16] [17] [18] 28, 29, 32 six studies for rs917071 (2,660 cases and 3,517 controls), 16, [28] [29] [30] [31] [32] six studies for rs6465084 (4,960 cases and 5,613 controls), 20, [30] [31] [32] [33] [34] and five studies for rs2299225 (3,492 cases and 3,735 controls) [16] [17] [18] 32 were included eventually. A flowchart of study selection is shown in Figure 1 , and the main characteristics of eligible studies are summarized in Table 1 .
Quantitative synthesis
The associations between these GRM3 polymorphisms and schizophrenia risks were analyzed and summarized ORs for 
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Yang et al schizophrenia risk of these five polymorphisms are shown in Table 2 . The overall ORs by the fixed/random-effect model showed no significant association between GRM3 rs274622, rs917071, rs1468412, rs2299225 or rs6465084 polymorphism and schizophrenia risk ( Figure 2 ). When stratified according to ethnicity, no significant association with increased schizophrenia risk was observed in all subgroups for rs274622, rs917071, and rs6465084 polymorphisms. As for rs1468412, only the dominant model for the non-Asian subgroup showed a slightly significant association (OR: 1.15; 95% CI: 1.01-1.30; P=0.04), while the other comparison models showed no relationship with schizophrenia risk for the Asian or the non-Asian populations (Table 2) .
heterogeneity analysis
Galbraith plots were created to graphically assess the sources of heterogeneity in the comparison models for GRM3 polymorphisms. For the dominant model of rs1468412 ( Figure 3A ), rs2299225 ( Figure 3B ), and rs6465084 ( Figure 3C ), when the most obvious outliers were excluded, heterogeneity significantly decreased (dominant model for rs1468412: P=0. 
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Metabotropic glutamate receptor-3 polymorphisms and schizophrenia Figure 2 Forest plots for grM3 polymorphisms and schizophrenia risk. Notes: ORs were estimated under the homozygote comparison, using a fixed-effect model. One study was not included in homozygote comparison for rs2299225, 16 because no minor-allele homozygote carrier was detected in either the schizophrenia or control groups. Abbreviations: OR, odds ratio; CI, confidence interval; SNP, single-nucleotide polymorphism; GRM3, metabotropic glutamate receptor 3.
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Metabotropic glutamate receptor-3 polymorphisms and schizophrenia dominant model for rs6465084: P=0.20, I 2 =33.3%), and the results remained stable for both overall and subgroup analyses (data not shown). As for the heterozygote model of the rs6465084 polymorphism ( Figure 3D ), after removing the outlier, the heterogeneity among studies was also alleviated, although still existed (heterozygote model of rs6465084: P=0.05, I
2 =58.1%).
Publication bias and sensitivity analysis
Begg's funnel plot and Egger's test were done to assess the publication bias of studies. The shape of the funnel plots ( Figure 4) Figure 3A) was omitted, Egger's test P-value turned to no significance (heterozygote model, P=0.300; dominant model, P=0.267).
The influences of each individual study on the overall ORs for the five polymorphisms were evaluated. The results showed the pooled ORs of these polymorphisms were not materially altered by the omission of any individual study ( Figure 5 ). 
Discussion
Common genetic polymorphisms or mutation in the glutamatergic neurotransmission may lead to profound influence to most aspects of normal brain function and involvement in many neuropathologic conditions. In recent years, interest in the genetic susceptibility to neuropathogenesis has led to a growing attention to the study of polymorphisms of genes involved in schizophrenia. To date, many molecular epidemiological studies have been performed to explore the role of GRM3 polymorphisms on schizophrenia susceptibility, but the results are still far from conclusive. Moreover, several studies were plagued by their limited sample size, which subsequently led to statistical power too low to unveil the effects that may exist. Therefore, we performed this meta-analysis with eligible studies in order to improve the statistical power and accurately determine the effect size of the association between GRM3 polymorphisms and schizophrenia risk.
Our results showed that GRM3 rs1468412, rs274622, rs917071, rs2299225, and rs6465084 polymorphisms were not associated with schizophrenia risk when all studies were pooled together. Ethnicity is usually regarded as a potential factor that may influence the risk of common disease by different genetic backgrounds and environmental exposures, while the stratified analyses in the present study allowed us to infer the ethnic specificity of the association between these SNPs and schizophrenia. In further subgroup analysis stratified by ethnicity, none of the GRM3 rs274622, rs917071, or rs6465084 polymorphisms showed any significant association with schizophrenia risk. With respect to rs1468412, although an increased risk was observed in the dominant model for non-Asian populations, given the limited studies and sample sizes for this subgroup, the borderline statistical significance (P=0.04) in only one single comparison model is not enough to indicate any underlying association. Further large and well-designed studies are needed to confirm this.
Heterogeneity between studies should be noted, because this may potentially affect the strengths of the meta-analysis. In the present study, heterogeneity was found in the heterozygote comparison model for the rs6465084 polymorphism, and in the dominant comparison model for the rs1468412, rs6465084, and rs2299225 polymorphisms. A Galbraith plot was utilized to identify which of the included studies may be sources of heterogeneity. After removal of those identified outliers, the heterogeneity among studies was obviously alleviated, while the main conclusions remained stable. Furthermore, the publication bias for the heterozygote model and dominant model of rs1468412 significantly decreased after removing the outlier. The sensitivity analysis did not show significant alteration of our meta-analyses for any of the five polymorphisms, indicating the robustness of our results. 
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Metabotropic glutamate receptor-3 polymorphisms and schizophrenia Figure 5 sensitivity analyses of the summary odds ratios of the association between grM3 polymorphisms and schizophrenia risk. Notes: Odds ratios were estimated under the homozygote comparison, using a fixed-effect model. (A) rs274622; (B) rs1468412; (C) rs917071; (D) rs6465084; (E) rs2299225. One study was not included in homozygote comparison for rs2299225, 16 because no minor-allele homozygote carriers were detected in either the schizophrenia or control groups. Abbreviations: CI, confidence interval; GRM3, metabotropic glutamate receptor 3.
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Yang et al Taken together, these results strengthened the reliability of the conclusions from this meta-analysis.
Although comprehensive analysis provided pooled data on a substantial number of cases and controls and objectively evaluated the influence of five GRM3 polymorphisms on the risk of schizophrenia, there are still some limitations inherited from the involved studies and our analysis strategies. First of all, the number of studies and subjects included in the current meta-analysis were still relatively small and most of the published studies were performed in Asian-descent and Caucasian-descent populations. It is critical that larger and well-designed multiethnic studies with detailed subtyping data should be performed to reevaluate the association and further explore the possible ethnic specificity. In addition, our analysis did not consider the possibility of gene-environment interactions or the linkage disequilibrium between gene polymorphisms, due to lack of original data. Finally, although all cases and controls of each study were recruited with similar inclusion criteria, some other potential factors not taken into account, such as lifestyle, may have biased our results. Owing to these limitations listed, further rigorous multicentric studies with large samples, multiple races and ethnicities, standardized unbiased genotyping methods, and well-matched controls are needed to validate the findings. In addition, other information, including but not limited to gene-gene interaction, gene-environment interaction, and lifestyle factors, should also be taken into account to evaluate the combined effect on schizophrenia.
Conclusion
In conclusion, this meta-analysis suggests that there is lack of evidence proving the association of GRM3 rs1468412, rs274622, rs917071, rs6465084, and rs2299225 polymorphisms with increased risk of developing schizophrenia.
